This article is available online at http://www.jlr.org Classic interscapular brown adipose tissue (BAT) is a thermogenic organ that has a high capacity for uncoupled oxidative metabolism ( 1 ). In contrast, white adipose tissue (WAT) has low oxidative capacity because its main function under normal conditions is to store excess energy as TGs. However, chronic stimulation by ␤ 3-adrenergic receptors ( ␤ 3-ARs) expands the oxidative capacity of WAT and converts it into a tissue resembling BAT. This phenomenon has been termed "browning" of white fat ( 2-4 ) and is marked by increased expression of oxidative genes, induction of uncoupling protein 1 (UCP1), and activation of oxidative metabolism ( 5 ). Importantly, lipolysis plays a central role in the catabolic activity of BAT and WAT. Acutely, mobilized FAs uncouple oxidative phosphorylation and provide fuel that supports both coupled and uncoupled respiration ( 6 ). Lipolysis also provides ligands for PPAR ␣ , which plays a central role in catabolic remodeling of WAT by upregulating oxidative metabolism and limiting FA-induced infl ammation ( 7, 8 ) . Indeed, several recent studies have demonstrated the importance of lipolysis in providing ligands for activation of PPAR target genes in BAT ( 9, 10 ), heart ( 11 ), liver ( 12, 13 ), and pancreatic ␤ cells ( 14 ).
ethanol, solubilized in 9 ml of sunfl ower oil (fi ltered 22 µM), and given at a dose of 100 mg/kg by oral gavage for 5 days in 6-to 7-week-old mice. Experiments were performed on littermate CreER T2 -negative and CreER T2 -positive mice 10 days after the last treatment of tamoxifen. Mice were genotyped for the fl oxed allele as described ( 22 ) . The presence of the Cre-ER T2 transgene was determined by PCR using forward primer 5 ′ -TGAAA-CAGGGGCAATGGTGCG-3 ′ and reverse primer 5 ′ -CGGAATA-GAGTATGGGGGGCTCAG-3 ′ . Male or female mice underwent sham surgery (control) or were implanted with miniosmotic pumps delivering the ␤ 3-AR agonist [CL 316,243 (CL), 0.75 nmol/h] as previously described ( 2 ) . Body composition was determined by NMR (EchoMRI) prior to surgeries and on indicated days. Mice were euthanized in the ad libitum fed state on day 1 or 7 of CL treatment, and gWAT, iWAT, and BAT were collected for RNA, protein, and tracer analysis as described ( 9, 25 ) . In situ electron transport chain activity was examined in adipose tissue minces by measuring the reduction of 2,3,5-triphenyltetrazolium chloride (TTC, Sigma), as previously described ( 7 ) .
RNA extraction and gene expression analysis
RNA from adipose tissues was extracted in Trizol (Invitrogen) and then purifi ed with an RNeasy mini kit (Qiagen). The expression pattern of various genes was examined by quantitative PCR (qPCR) analysis, as previously described ( 8 ) . Briefl y, RNA (0.5-1.0 g) was reverse transcribed into cDNA by using Superscript III (Invitrogen) and oligo(dT) primers. Thirty to 50 ng of cDNA was analyzed in a 20 µl qPCR reaction (ABsolute Blue QPCR SYBR; ThermoScientifi c) with 80 nM of primers. FASN cDNA was amplifi ed using primers 5 ′ -ACCTCTCCCAGGTGTGTGAC-3 ′ (forward) and 5 ′ -CCTCCCGTACACTCACTCGT-3 ′ (reverse); steryl-CoA desaturase (SCD1) with 5 ′ -AGAGAACTGGAGAC-GGGAGT-3 ′ (forward) and 5 ′ -GCATCATTAACACCCCGATA-3 ′ (reverse); ATP-citrate lyase (ACLY) with 5 ′ -CTGGTGTATC-GGGACCTGT-3 ′ (forward) and 5 ′ -CACAAACACTCCTGCTTCCT-3 ′ (reverse); and acetyl-CoA carboxylase 1 (ACC1) with 5 ′ -CTCTGC-TAGAGCTGCAGGAT-3 ′ (forward) and 5 ′ -CTGGGAAACTGACA-CAGGAC-3 ′ (reverse). All other cDNAs were amplifi ed using primers described previously ( 7 ) . Expression data were normalized to the reference gene peptidyl-prolyl cis -trans isomerase A (PPIA) using the delta-delta CT method (2 -⌬ ⌬ CT ) ( 26 ) .
Protein isolation and Western blot analysis
Adipose tissue extracts were prepared as previously described ( 8 ) . Resolved proteins were transferred to polyvinylidene difl uoride, and membranes were immunoblocked for 1 h at room temperature in 5% powdered skim milk. Western blotting was performed using antibodies against ATGL ( 27 ) , UCP1 ( 2 ), ␤ -tubulin (Invitrogen, #322600), FASN (Cell Signal, #3180), glycerol kinase (GYK; Abcam, #126599), phosphoenolpyruvate carboxykinase (PEPCK; Abcam, #70358), GAPDH (Santa Cruz, #25778), and medium-chain acyl-CoA dehydrogenase (MCAD; Santa Cruz, sc-365108) as described ( 8 ) . Blots were then washed, incubated with a secondary donkey anti-rabbit HRP (Jackson immunological) diluted 1:5,000, and visualized with SuperSignal West Dura substrate (Pierce). Digital images were captured to ensure that pixels were not oversaturated using a BioRad Quantity One imaging system.
Measurement of TG and FA concentrations and synthesis using stable isotopes
Mice were enriched with deuterium-labeled water (D 2 O) for isotope tracer experiments to ‫ف‬ 2% 2 H by an intraperitoneal injection of labeled water (20 l/g of body weight of isotonic saline containing >99% 2 H 2 O). After injection, mice ( n = 3-4) were
Although activation of ␤ 3-ARs can similarly increase oxidative metabolism in BAT and WAT, the increase in UCP1 protein varies greatly among the various adipose tissue depots ( 2 ) . Adrenergic activation dramatically upregulates UCP1 expression in inguinal white (or "beige") adipose tissue (iWAT), where basal levels are very low; however, the absolute levels of UCP1 protein expression attained per pad remain far lower than in classic BAT ( 15, 16 ) . In contrast, gonadal WAT (gWAT; i.e., epididymal WAT in male mice) exhibits the lowest induction of UCP1, especially in obesity-prone strains such as C57Bl/6 ( 15, 17 ) . In addition, the mechanism by which brown adipocytes (BAs) are recruited in WAT also varies: BAs in iWAT are derived from preexisting adipocytes ( 18 ) , whereas BAs in gWAT originate mostly from de novo differentiation of progenitors ( 2 ). These differences in UCP1 content and source of BAs suggest that the mechanisms involved in increasing oxidative capacity in different adipose tissue depots might vary as well ( 6, 19 ) .
Activation of ␤ -ARs by cold stress is known to simultaneously increase FAS and FA oxidation in classic BAT ( 20 ) . Whether this occurs in beige or classical WAT depots is not known, nor is it known to what extent the elevation in FA turnover might depend on UCP1-dependent thermogenesis. Previous studies focused almost exclusively on FAS in BAT following long-term cold adaption ( 21 ) , and there are no data that assess the acute and chronic effects of direct activation by selective ␤ 3-AR agonists. The purpose of our study was to examine the temporal effects of direct ␤ 3-AR activation on in vivo lipogenesis, TG/glycerol dynamics, and catabolic remodeling. In addition, we examined the role of lipolysis during the dynamics of lipid turnover and gene expression using a new mouse model that allows inducible, adipocyte-specifi c deletion of adipose TG lipase (ATGL), the rate-limiting enzyme for lipolysis.
MATERIALS AND METHODS

Animals
All animal protocols were approved by Institutional Animal Care and Use Committee at Wayne State University. C57Bl/6 (BL6) mice at 7 weeks of age were obtained from the Jackson Laboratory and were fed a standard chow diet (LabDiet, Cat# 5L0D). Mice carrying a LoxP-modifi ed Atgl allele (B6N.129S-Pnpla2 tm1Eek mice; herein designated as Atgl -fl ox mice) on a BL6 background were created as described ( 22 &&& P < 0.001, && P < 0.01, & P < 0.05; ### P < 0.001, ## P < 0.01, # P < 0.05; $$ P < 0.01, $ P < 0.05; ns, nonsignifi cant).
RESULTS
Sustained ␤ 3-adrenergic stimulation promotes depot-specifi c changes in adiposity We fi rst examined the effects of CL on total body adiposity and adipose tissue masses over the course of treatment. CL-treated mice lost nearly half of their body fat in the fi rst 2 days, but fat mass stabilized thereafter ( Fig. 1A, B ) despite ongoing adrenergic stimulation and elevation in metabolic rate ( 6 ) . As expected, CL treatment reduced total TG in all fat depots after day 1 of treatment ( Fig. 1C ) . Remarkably, this reduction was sustained in gWAT but not iWAT or BAT by day 7 of treatment ( Fig. 1C ) . Consistent with these results, tissue weight was reduced in gWAT, but not iWAT, BAT, or liver after 7 days of CL treatment ( Fig. 1D, E ) . These data suggest that FA mobilization/oxidation exceeds synthesis at the start of CL treatment, but these maintained on 5% 2 H-labeled drinking water over a 24 h period on day 1 and day 7 of CL treatment, to maintain a steady-state 2 H labeling of body water of ‫ف‬ 2.75% ( 25 ) . Blood was collected 2 h after intraperitoneal injection and at the end of labeling to determine label incorporation. ( 28 ) . Briefl y, TGs were hydrolyzed with 1 N KOH ethanol at 70°C, and the incorporation of 2 H into glycerol and palmitate was determined by mass spectrometry following derivatization ( 28 ) . Newly synthesized TG was calculated from the incorporation of 2 H into TG-derived glycerol, and newly synthesized palmitate was determined from the incorporation of 2 H into TG-derived palmitate ( 25 ) . Adipocyte isolations from iWAT and quantifi cation of FAs in serum (from ad libitum fed mice) and cell culture media were performed as previously described ( 8 ) .
Statistical analysis
Unless stated otherwise, results are expressed as means ± SEM. Statistical analyses were performed with GraphPad Prism 5 (GraphPad Software) using a Student's t -test, one-way or two-way ANOVA. Planned post hoc comparisons for one-way or two-way ANOVA were performed using the Bonferroni post t -test. Statistical or nonsignifi cant changes are as noted (*** P < 0.001, ** P < 0.01, were treated with the ␤ 3-AR agonist (CL) at 0.75 nmol/h for 7 days. Absolute (A) and relative (B) body fat were determined by MRI. C: TG content of indicated adipose tissue depots after 1 day (1D CL) and 7 days (7D CL) of CL treatment. Absolute (D) and relative (E) tissue weights after 7 days of CL treatment. Data were analyzed by two-way ANOVA (C) or t -test (A-C) to determine the effect of CL (*** P < 0.001; ** P < 0.01; * P < 0.05).
by guest, on October 22, 2017 www.jlr.org Downloaded from of CL treatment. As expected, basal expression of genes involved in FA catabolism and thermogenesis was far greater in BAT compared with WAT depots. Interestingly, CL treatment did not signifi cantly upregulate these genes in BAT and, in fact, lowered expression of cytochrome c oxidase subunit VIIIb (Cox8b). In addition, CL treatment greatly upregulated expression of long-chain acyl-CoA dehydrogenase (LCAD) and Cox8b in the WAT depots, and while CL increased expression of UCP1, particularly in iWAT, the levels achieved were <5% of BAT. Immunoblot analysis confi rmed the strong upregulation of MCAD that was largely independent of UCP1 levels in the WAT depots ( Fig. 3 ) . Basal protein levels of MCAD and UCP1 in BAT were greater than that of WAT and were further upregulated by 7 days of CL treatment ( Fig. 3C ) . Analysis of genes involved in de novo synthesis (FASN, SCD1, ACLY, and ACC1) revealed a somewhat different pattern with BAT and gWAT showing initial suppression, then overexpression by day 7 ( Table 1 ). In contrast, 1-day CL initially suppressed expression of lipogenic genes in iWAT, which then recovered to control levels by day 7 ( Table 1 ). Despite the different induction pattern of DNL genes in the fat pads, 7 days of CL greatly elevated protein levels of FASN in all the depots ( Fig. 3 ) . GYK, which generates ␣ -glycerol-3 phosphate for FA esterifi cation, was generally lower in WAT compared with BAT. CL treatment rapidly induced expression of GYK in WAT to levels that exceeded those observed in BAT ( Table 1 ) . Interestingly, levels of GYK mRNA declined by 7 days, yet GYK protein remained elevated (shown subsequently). PEPCK is a key enzyme of glyceroneogenesis, and its pattern of expression was highly similar to lipogenic genes that were initially suppressed, then recovered, or were overexpressed by 7 days (see below, as well). Thus chronic ␤ 3-AR activation simultaneously increases the expression of genes involved in lipid catabolism and synthesis in the adipose depots.
Adipocyte ATGL is required for loss of adiposity by chronic CL treatment
The compensatory changes in lipid synthesis and glycerol turnover following CL treatment suggest that increased complementary pathways reach an elevated equilibrium after 7 days.
Chronic ␤ 3-AR activation increases lipid turnover in gWAT, iWAT, and BAT
The observation that TG content of adipose tissues remains constant during sustained adrenergic activation suggested that tissues might upregulate FAS to compensate for expanded fat oxidation and increased metabolic rate ( 6, 7 ) . To test this hypothesis, we directly assessed lipid turnover in various fat depots over the 7-day course of CL treatment using the D 2 O technique ( 28 ). 2 H enrichment in FAs (i.e., palmitate) refl ects de novo lipogenesis (DNL), whereas incorporation into glycerol provides a measure of total TG turnover and glyceroneogenesis to support FA esterifi cation (i.e., "new triglyceride"). Rates of DNL were similar across fat pads of untreated control mice ( Fig. 2A ) , whereas basal incorporation of 2 H-label into new TGs was much higher in BAT compared with iWAT or gWAT ( Fig. 2B ) . After 1 day of CL treatment, DNL was unchanged, whereas glycerol turnover in new TGs was dramatically increased in all fat depots ( Fig. 2A vs. 2B ). After 7 days of CL treatment, both DNL and glycerol turnover were elevated in all fat pads, with the highest turnover in BAT ( Fig. 2A vs. 2B ) . However, the increase in glycerol turnover was comparable at days 1 and 7 of CL treatment. These data indicate that CL induces a futile substrate cycle of lipolysis and reesterifi cation without a net increase in lipogenesis after 1 day of treatment, whereas lipid turnover is drastically elevated in all fat depots by 7 days.
Chronic ␤ 3-AR activation simultaneously increases the expression of genes and proteins involved in lipid oxidation and synthesis
Analysis of lipid turnover suggested that CL treatment produces temporally distinct changes in FA catabolism, synthesis, and glycerol metabolism. To gain deeper insight into this regulation, we evaluated the mRNA ( Table 1 ) and protein expression ( Fig. 3 ) of key catabolic and synthetic genes across the various fat depots over the course of gWAT mass in combination with an increase in iWAT and BAT mass ( Fig. 4E, F ; &&& denotes an overall ATGL effect). These data demonstrate that adipocyte ATGL action is required for the loss of body fat mass by chronic CL treatment.
Adipocyte ATGL is required for enhanced lipid turnover and induction of proteins involved in DNL and TG turnover
To further assess the role of TG hydrolysis during chronic ␤ 3-AR activation, we next determined the effects of inducible ATGL knockout on lipid turnover in response to 7 days of CL treatment. Inducible adipocyte knockout of ATGL did not affect basal rates of DNL in WAT or BAT ( Fig. 5A ). Basal incorporation of new glycerol into TG also was not affected by loss of ATGL in WAT but was reduced by >50% in BAT ( Fig. 5B ) . As expected, 7 days of CL treatment greatly increased the de novo synthesis of palmitate and glycerol in gWAT, iWAT, and BAT of control mice, and lipid fl ux and TG hydrolysis (lipolysis) might be required for CL-induced body fat loss. To address this question, we generated mice with inducible, adipocyte-specifi c deletion of ATGL, the rate-limiting enzyme for lipolysis ( 29 ) . Treatment of mice with tamoxifen effectively deleted ATGL in all adipose tissue depots of mice carrying CreER T2 allele (iAAKO), but not in tamoxifen-treated mice lacking Cre-ER T2 (control; Fig. 4A ). Induced deletion of ATGL abolished isoproterenol (a general ␤ -AR receptor agonist) and CL-stimulated lipolysis in isolated adipocytes ( Fig. 4B ) , indicating that the defect in lipolysis is not specifi c to CL. In addition, CL-induced elevation in serum FAs was also abolished in iAAKO mice ( Fig. 4C ). Control and iAAKO mice were then treated for 7 days with CL to examine the effect of lipolysis on adiposity. As expected, control mice lost a signifi cant amount of body fat mass in response to 7 days of CL treatment, whereas iAAKO mice were resistant to CL-induced loss of fat mass ( Fig. 4D ) . This difference was primarily due to a resistance to the CL-induced reduction CTL, control . Genes involved in oxidation include LCAD, Cox8b, and UCP1; in lipogenesis, FASN, SCD1, ACLY, and ACC1; and in glycerol turnover, Gyk and PEPCK. Mice (male, 8 weeks of age, n = 4) were treated with the ␤ 3-AR agonist (CL) for 7 days, adipose tissue depots (gWAT, iWAT, and BAT) were collected after day 1 of CL treatment (1D CL) or on day 7 of treatment (7D CL), and the mRNA expression for indicated genes was measured by qPCR. Data were analyzed by one-way ANOVA. * denotes signifi cant difference from all the other groups (*** P < 0.001; ** P < 0.01; * P < 0.05), # denotes difference between control and 1D CL ( ### P < 0.001; ## P < 0.01; # P < 0.05), & denotes difference between control and 7D CL ( &&& P < 0.001; && P < 0.01; & P < 0.05), and $ denotes difference between 1D and 7D CL ( $$ P < 0.01 and $ P < 0.05). these effects were absent in iAAKO mice ( Fig. 5A, B ) . These data confi rm that the increase in lipid turnover by chronic ␤ 3-AR activation requires adipocyte TG hydrolysis.
We next explored the mechanism by which loss of ATGL in adipocytes abolishes CL-induced lipid turnover by measuring proteins involved in FAS and glycerol turnover. Inducible deletion of ATGL in adipocytes had no effect on basal levels of FASN in gWAT or BAT, whereas overall levels of FASN were slightly lower in iWAT ( Fig. 6A ) . Importantly, ATGL knockout prevented induction of FASN by chronic CL treatment in gWAT and BAT. Likewise, CL-mediated induction of PEPCK protein was abolished in gWAT and iWAT ( Fig. 6B ) . Furthermore, the high levels of PEPCK observed in BAT were reduced by >90% by ATGL knockout, and these low levels were completely unresponsive to induction by CL. Finally, ATGL knockout also prevented upregulation of GYK protein by CL in gWAT and BAT ( Fig. 6C ) . Surprisingly, ATGL knockout did not prevent the strong induction of GYK in iWAT. These results suggest that ATGL promotes lipid turnover by regulating the induction of proteins involved in DNL and TG turnover.
Adipocyte ATGL is required for the increase in tissue respiration but differentially regulates the induction of markers of lipid oxidation in gWAT, iWAT, and BAT
Because ATGL has been shown to infl uence mitochondrial function ( 9-11 ), we next sought to determine whether ATGL action was required for CL-mediated effects on mitochondrial respiration. To do so, we examined mitochondrial electron transport chain activity in situ using the redox dye TTC ( 5, 7 ), and oxidative gene expression by qPCR and Western blot in both control and iAAKO mice treated with CL. Inducible ATGL deletion reduced basal electron transport activity in BAT and completely eliminated CL-mediated upregulation of electron chain activity in all fat depots ( Fig. 7A ). LCAD and UCP1 mRNA were similarly induced in the gWAT of control and iAAKO mice ( Fig. 7B ) . Deletion of ATGL reduced the induction of LCAD and UCP1 mRNA by CL in iWAT and reduced overall mRNA expression in BAT ( Fig. 7B ) . Immunoblot analysis of the adipose depots indicated that 7 days of CL increased the expression of MCAD in the WAT depots of control mice; however, the induction of MCAD was sustained in gWAT, but not in iWAT of iAAKO mice ( Fig. 7C, D ) . Protein levels of MCAD trended lower in BAT of iAAKO mice, but this did not reach statistical signifi cance. UCP1 protein was similarly induced by CL in iWAT of iAAKO mice; however, the induction was highly variable ( Fig. 7C, E ) . There was an overall effect of CL on UCP1 protein levels in BAT ( P > 0.05), which tended to be lower in iAAKO mice. Protein levels of UCP1 were barely detectable in gWAT of mice and thus were not quantifi ed. Overall, these results indicate that ATGL is required for increased mitochondrial respiration induced by chronic CL treatment in the adipose tissue depots.
DISCUSSION
This study examined the relationship between lipid hydrolysis, oxidation, and de novo synthesis in adipose tissue.
The most salient feature of ␤ 3-AR activation is the stimulation of lipolysis, which promotes FA oxidation and uncoupling. We found that chronic stimulation enhanced lipid turnover in gWAT, iWAT, and BAT depots that differ vastly in their UCP1 content. Mechanistically, chronic ␤ 3-AR stimulation simultaneously increased the expression of genes and proteins involved in lipid catabolism and synthesis. Adipocyte deletion of ATGL abolished the increase in lipid turnover by ␤ 3-AR activation; however, the induction of genes and proteins involved in lipid oxidation and turnover was regulated by ATGL in a depot-specifi c manner. These fi ndings suggest that lipid oxidation and synthesis are functionally linked to hydrolysis, but the mechanisms of gene regulation (i.e., ATGL-dependent and protein kinase A (PKA)-dependent pathways) are likely to differ among the adipose depots ( Fig. 8 ) .
Lipolysis and lipogenesis are typically viewed as independent, opposing pathways. Indeed, CL treatment uniformly suppressed DNL in the fi rst day of treatment. This initial suppression of DNL is likely due to the inundation of systemic FFAs, as previously reported ( 5 ). Accordingly, 1 day of CL treatment strongly upregulated TG reesterifi cation, as indicated by the large enrichment of labeled glycerol in TG and the upregulation of GYK expression, although PEPCK mRNA was not upregulated at this time. By 7 days of treatment, DNL was similarly expanded in all fat pads examined. We note that the turnover of lipid, induction of oxidative genes, and expanded mitochondrial electron transport activity were largely independent of differences in UCP1 expression. While the current experimental design did not allow us to determine the exact site of DNL per se (i.e., liver vs. fat), the upregulation of lipogenic enzymes in adipose tissues strongly suggests that adipocytes , and GYK (C) was determined by Western blot. Data were analyzed by two-way ANOVA to determine the effect of CL (*** P < 0.001; ** P < 0.01) or an overall effect of iAAKO ( && P < 0.01; &&& P < 0.001).
are the major site of DNL. In agreement, cold exposure elevates FAS in BAT while reducing synthesis in liver ( 21 ) . Interestingly, plasma lipoprotein clearance plays a larger role in BAT lipid metabolism than in WAT ( 30, 31 ) and could be important in determining the relative contribution of DNL to the different adipose tissue depots ( 32 ) . FAs are both necessary and suffi cient to drive thermogenesis by directly activating UCP1 ( 33 ) and by providing fuel for high rates of oxidative metabolism. Accordingly, fat is preferentially oxidized over carbohydrate and protein during cold exposure in rodents ( 34 , 35 ) , and the increase in DNL would allow lipid supply to be matched with greater rates of lipid oxidation. In contrast to BAT, gWAT normally has low oxidative capacity and is largely considered a site for the storage rather than oxidation of TGs. It is thus surprising that adrenergic activation produced the greatest increases in lipogenesis in gWAT, as measured by gene expression and lipid fl ux. Futile cycling is one likely mechanism increasing oxidative metabolism in the absence of UCP1 ( 6, 19 ) . Thus, the continuous cycle of TG hydrolysis coupled to resynthesis that requires large amounts of ATP could be an important mechanism in increasing metabolic rate in WAT.
The relative physiological contribution of various adipose depots to overall thermogenesis is a matter of debate ( 16, 36 ) . Our results indicate that lipid dynamics are similar across BAT and WAT in mice treated with the ␤ 3-AR agonist for 7 days. To the extent that synthesis is matched by oxidation, the current results suggest that each fat pad is an important contributor to overall oxidative metabolism. In agreement, WAT is required for the full thermogenic response to CL ( 37 ) . With the recent emphasis on beige or brite fat and its proposed similarity to brown fat in humans ( 38 ) , strategies that increase lipid turnover in these tissues might contribute signifi cantly to improvements in whole body metabolism in rodents and humans ( 39 ) .
Recent work demonstrates that adipose tissue DNL is important in regulating glucose homeostasis ( 40 ) . While glucose is thought to be the major precursor for DNL when mice are fed a diet high in carbohydrate, as much as one-third of TG/glycerol can be derived from nonglucose sources (i.e., glyceroneogenesis via PEPCK) ( 28 ) . We found that GYK mRNA was greatly elevated at day 1 of CL treatment, while the expression of PEPCK was initially suppressed, suggesting that GYK is more important for FA cycling, whereas PEPCK plays a larger role in coupling DNL to TG synthesis. The induction of PEPCK protein was highly infl uenced by ATGL activity in all fat depots. Surprisingly, however, the increase in GYK protein by Fig. 7 . Expansion of mitochondrial respiration by ␤ 3-AR agonist treatment requires adipocyte ATGL. A: Mitochondrial respiration in adipose tissue depots (n = 4-5) as determined by reduction of the electron acceptor dye TTC. Data were analyzed by two-way ANOVA to determine the effect of CL (*** P < 0.001; ** P < 0.01; * P < 0.05; ns, nonsignifi cant). B: Adipose tissues from control or iAAKO mice treated with vehicle (Ctl) or CL for 7 days were collected, and the mRNA expression of MCAD and UCP1 was measured by qPCR. C: Western blot analysis and quantifi cation of MCAD (D) and UCP1 (E) protein expression. Data were analyzed by two-way ANOVA to determine the effect of CL (*** P < 0.001; ** P < 0.01; * P < 0.05; ns, nonsignifi cant) or ATGL ( && P < 0.01; &&& P < 0.001).
chronic CL treatment was dependent on ATGL in gWAT and BAT, but not iWAT. PEPCK and GYK are both PPAR and cAMP response element targets, which may explain their differential regulation among the adipose tissue depots (see below). Recent work from various labs indicates that lipolysis also contributes to cellular signaling events ( 10, 11, 14, 41 ) by providing ligands for PPAR ␣ and ␦ , which in turn serve to match lipid oxidation with supply ( 9 ) . We therefore reasoned that lipolysis was also driving the increase in lipogenesis and oxidation, and we tested this by deleting ATGL in adipose tissue of adult mice using an inducible model. Previous studies demonstrated that conditional knockout of ATGL in adipocytes results in defective lipolysis, increase in body fat mass, and a reduction in FA oxidation and PPAR ␣ target genes ( 10, 42 ) . In our study, inducible deletion of ATGL in adipocytes also abolished lipolysis and increased iWAT and BAT depot weights and eliminated the increase in mitochondrial respiration by CL. However, in our model, the induction of MCAD and UCP1 was unaffected in gWAT, and minimally reduced in iWAT, suggesting that the primary defect in respiration in the WAT depots is in the substrate supply. MCAD and UCP1 are direct targets of PKA signaling ( 43 ) , which appears to be preserved in the WAT depots and also when ATGL is acutely deleted in adults (present result), but not when chronically deleted during development ( 9 ) . We observed that lipolysis was required for greater lipid synthesis in the brown and white fat depots, which links lipid hydrolysis to oxidation and synthesis and implies that distinct pools of lipids are channeled toward synthesis ( 44 ) and oxidation ( 45 ) . In agreement with our observations, overexpression of ATGL enhanced incorporation of palmitate into TG ( 46 ) . Altogether, these results indicate that lipolysis drives the increase in oxidation and is required for coupling to enhanced synthesis across the adipose tissue depots.
It is attractive to speculate that products of lipid metabolism might be sensed to upregulate lipogenesis to match with catabolic activity. DNL produces lipid species that are biologically active and are functionally distinct from dietary lipids ( 47, 48 ) , as is the case with the production of a FASN-dependent PPAR ␥ ligand in adipose tissue ( 49 ) . In this regard, PPAR ␦ activation in liver generates ligands that activate skeletal muscle PPAR ␣ , thereby matching hepatic lipogenesis with muscle lipid oxidation ( 50 ) . Whether such cross talk occurs among or within fat depots requires additional exploration. At the molecular level, peroxisome proliferator-activated receptor gamma coactivator 1 ␣ and ␤ ( 51 ), carbohydrate-responsive-element binding protein ( 52 ) , and sterol-regulatory element binding protein-1 ( 53 ) could be involved in detecting signals to enhance lipid synthesis. Further understanding the mechanisms by which lipolysis elevates DNL to match with greater fat oxidation might prove useful in targeting pathways that improve adipose tissue function.
